The transcription of structural and intervening se uences of the chicken ovalbumin gene was studied in nuclei isoated from the oviduct, liver, and spleen of chickens in different states of estrogen stimulation. The concentration of transcripts of structural and intervening DNA sequences was determined by hybridizing the newly synthesized [3HJRNA to filters containing cloned ovalbumin cDNA (pOV230) or fragments of the natural ovalbumin gene (pOV2.4 and pOV1.8). Of the RNA synthesized by oviduct nuclei from chickens chronically stimulated with diethylstilbestrol, 0.23% corresponded to ovalbumin mRNA and 0.17% were transcripts of intervening sequences. No detectable ovalbumin mRNA sequences were synthesized by nuclei from spleen and liver. After 60 hr of hormone withdrawal, synthesis of ovalbumin mRNA by oviduct nuclei could not be detected. After readministration of estrogen, a gradual increase in ovalbumin mRNA synthesis was observed which began at 1 hr and reached a plateau by 8 hr. For the intervening sequences, similar kinetics were observed for the initial 4 hr. Previously we had identified multiple species of putative precursors of ovalbumin mRNA in oviduct nuclei from chickens chronically stimulated with diethylstilbestrol. We demonstrate here that withdrawal of diethylstilbestrol resulted in a depletion of high-molecular-weight ovalbumin RNA and of mature ovalbumin mRNA and that readministration of the estrogen induced the nuclear accumulation of both forms of ovalbumin RNA. These findings indicate that: (i) a method exists to assay synthesis of hormone-inducible specific eukaryotic
filters containing cloned ovalbumin cDNA (pOV230) or fragments of the natural ovalbumin gene (pOV2. 4 and pOV1.8) . Of the RNA synthesized by oviduct nuclei from chickens chronically stimulated with diethylstilbestrol, 0.23% corresponded to ovalbumin mRNA and 0.17% were transcripts of intervening sequences. No detectable ovalbumin mRNA sequences were synthesized by nuclei from spleen and liver. After 60 hr of hormone withdrawal, synthesis of ovalbumin mRNA by oviduct nuclei could not be detected. After readministration of estrogen, a gradual increase in ovalbumin mRNA synthesis was observed which began at 1 hr and reached a plateau by 8 hr. For the intervening sequences, similar kinetics were observed for the initial 4 hr. Previously we had identified multiple species of putative precursors of ovalbumin mRNA in oviduct nuclei from chickens chronically stimulated with diethylstilbestrol. We demonstrate here that withdrawal of diethylstilbestrol resulted in a depletion of high-molecular-weight ovalbumin RNA and of mature ovalbumin mRNA and that readministration of the estrogen induced the nuclear accumulation of both forms of ovalbumin RNA. These findings indicate that: (i) a method exists to assay synthesis of hormone-inducible specific eukaryotic
[3H]mRNA in vitro; (ii) the estrogen-mediated preferential expression of the ovalbumin gene is maintained in isolated oviduct nuclei; (iii) after hormone withdrawal, a single injection of diethylstilbestrol induces transcription of ovalbumin structural and intervening sequences, with nuclear accumulation of high-molecular-weight ovalbumin RNA and mature ovalbumin mRNA; and (iv) these results are consistent with regulation of ovalbumin mRNA at the level of ovalbumin gene transcription.
Previous studies on the regulation of gene expression in eukaryotes have shown that steroid hormones induce synthesis of specific proteins in vivo by increasing the concentration of their mRNAs (1) (2) (3) . Injections of estrogen into chickens that had been prestimulated with estrogen and then withdrawn from all hormone (secondary stimulation) induced the accumulation of ovalbumin mRNA (mRNAOv) (4) (5) (6) (7) . Recently, it has been shown that the structural sequences of the ovalbumin gene (8) (9) (10) and globin gene are interrupted by multiple regions of nonstructural intervening sequences. In addition, the 15S precursor to globin mRNA was shown to contain both structural and intervening sequences of the globin gene (11) . Similarly, transcripts of both types of ovalbumin sequences accumulated in vivo in oviduct nuclei after stimulation with estrogen (12) . In addition, we have demonstrated the existence of high-mo-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1049 lecular-weight species of ovalbumin RNA in nuclear extracts of oviducts stimulated chronically with estrogen (12) . Because these molecules contain sequences complementary to intervening as well as to structural sequences of the ovalbumin gene, it is likely that these RNAs are precursors to mature mRNA0v.
In an attempt to define the mechanism of steroid hormoneinduced accumulation of mRNA0v, we have studied the rate of transcription of the ovalbumin gene in vitro and the size of the ovalbumin gene transcripts in vivo. In the present study, we report that secondary stimulation of chickens with diethylstilbestrol (DES) elevates the extent of transcription of both structural and intervening sequences of the ovalbumin gene as assayed in isolated oviduct nuclei. We also demonstrate that DES stimulation increases the level of high-molecular-weight ovalbumin sequence-containing RNA in vivo in addition to that of mature mRNA0v. These results further support the hypothesis that an increase in the rate of transcription of the ovalbumin gene appears to be the major mechanism by which estrogen elevates the intracellular level of mRNA., (4, 5) .
MATERIALS AND METHODS
Hormone Treatment. Estrogen-stimulated oviducts were obtained from White Leghorn chickens that were implanted weekly with a 20-mg pellet of DES. This pellet provided continuous release of DES for 8-9 days. Estrogen-withdrawn oviducts were obtained from chickens that had received daily subcutaneous injections of 2.5 mg of DES for 14 days and were subsequently withdrawn from hormone for periods up to 14 days. For experiments involving acute stimulation with estrogen, one injection of 2.5 mg of DES was given to hormonewithdrawn chickens. Oviducts were collected at the time intervals indicated in the text.
Synthesis and Isolation of [3HIRNA from Nuclei. Nuclei were purified from oviducts of either hormone-stimulated or withdrawn chickens as described (12 Hybridization of [3HJRNA to DNA Filters. Filters containing pOV230, pOV1.8, or pOV2.4 DNA were prepared as described (9, (12) (13) (14) . All preparations of cloned DNA were performed in a P3 facility and all procedures were carried out in accordance with National Institutes of Health guidelines. Ovalbumin structural and intervening sequence transcripts were measured by hybridizing the in vitro [3H]RNA to nitrocellulose filters containing pOV230 or pOV2.4 or pOVl.8 DNA as described (12) . Briefly, 1-4 X 106 cpm of [3H]RNA was hybridized to DNA filters (1.2 ,ug) at 420C for 18 hr in 50% (vol/ vol) formamide/0.21 M NaCl/0.021 M Na citrate at pH 7.0 in the presence and absence of competitor (7.5 ,tg of unlabeled mRNAOv or 9 ,ug of unlabeled cRNA transcribed from pOV2. 4 or pOVl.8 DNA). At the end of incubation, the filters were extensively washed in 0.30 M NaCl/0.030 M Na citrate at pH 7 at 30°C and treated with RNase. The radioactivity corresponding to [3H]RNA hybridized to the filters was measured after solubilization in Cellusolve. In order to correct for the efficiency of hybridization and loss of hybridizable sequences during the washing and RNase treatment step, we included an appropriate internal standard, [32P]cRNA transcribed from ovalbumin cDNA or from pOV2.4 or pOVl.8 DNA, in the hybridization mixture (15) . The amount of [3H]RNA specifically hybridized to the filters was calculated as the cpm competed for in the presence of unlabeled RNA.
Electrophoresis and Transfer of RNA to Diazobenzyloxylmethyl-Paper and Hybridization to DNA Probes. Oviduct nuclear RNA was isolated and subjected to agarose gel electrophoresis in the presence of methylmercury hydroxide as described (12) . The RNA was transferred from the gel to diazobenzyloxylmethyl-paper and hybridized to [32P]DNA by a modification of the method of Alwine et al. (16) as described (12) . pOV230 DNA was labeled with 32p to a specific activity of 1-3 X 108 cpm/,ug by nick translation (12) .
RESULTS
[3H]RNA Synthesis In Vitro in Isolated Nuclei. Incorporation of radioactive nucleotides into trichloroacetic acidprecipitable material, which represents RNA synthesized de novo, reached a plateau in about 15 min in the isolated nuclei reaction mixture at 37°C ( Table 1 ). The incorporation was rapid during the first 5 min, and addition of a 100-fold excess of nonlabeled UTP to the reaction mixture after 10 min showed no decrease in this value for the following 60 min, indicating that there was no major degradation of the newly synthesized
[3H]RNA. It is likely that the majority of the RNA synthesis observed in the nuclei is due to the completion of chains initiated in vivo prior to the in vitro incubation and thus reflects hormone withdrawal. These results (Table 3) indicated that the synthesis of intervening transcripts is detectable after 1 hr of DES treatment and increases 5-to 6-fold within 4 hr, in parallel with increased transcription of structural sequences. Nevertheless, the maximum level of intervening sequence transcripts never equals that of structural transcripts. Although this result may reflect a faster turnover rate for the intervening sequence RNA, in vitro labeling and hybridization conditions may be suboptimal for quantitating intervening-sequence transcripts. Induction of high-molecular-weight ovalbumin RNA by secondary estrogen stimulation. Oviduct nuclear RNA, isolated from chickens subjected to the indicated hormonal treatments, was electrophoresed (40 V, 16 hr) on 1.5% agarose gels containing 10 mM methylmercury hydroxide. The RNA was transferred to diazobenzyloxylmethyl-paper (12 X 14 cm) and hybridized with the pOV230 [32PJDNA probe (2 X 107 cpm, specific activity 2.5 X 108 cpm/1g).
Species of ovalbumin RNA larger than mRNAOv were arbitrarily labeled a-g (12) . Bands d and g, which are minor species, were not de- Hormone-Induced Accumulation of Likely mRNA., Pre- cursors. Electrophoresis of oviduct nuclear RNA from chickens that have been stimulated chronically with DES revealed the existence of multiple species (labeled a-f) of high-molecularweight, ovalbumin sequence-containing RNA (Fig. 3, lane A) .
The mRNA0, band represents mature (18S) mRNAv. The species of RNA larger than mRNA0v are not found in oviduct cytoplasm and are not aggregates of mRNA0v (12) . Because these molecules contain sequences complementary to intervening as well as to structural sequences of the ovalbumin gene, it is likely that these RNAs are precursors to mRNAO,. Evidence for this hypothesis has been presented elsewhere (12) .
From 20 Aug of nuclear RNA isolated from chickens that had been withdrawn from estrogen for 14 days, neither high-molecular-weight ovalbumin RNA nor mature mRNA0v was detected (Fig. 3, lane B) . However, a slight amount of mRNAo, was detected when 100 ,tg of withdrawn nuclear RNA was assayed (Fig. 3, lane C) . Since no high-molecular-weight ovalbumin RNA was observed in this experiment (Fig. 3, lane C (Fig. 3) in withdrawn chickens, ovalbumin sequences would have to be degraded at the rate of their synthesis in order to account for the lack of any ovalbumin transcripts synthesized de now in nuclei derived from the withdrawn oviduct. In contrast, Cox (19) has reported that withdrawal of estrogen does alter the t 1/2 of mRNA0,, but it only decreases it from 24 to t2 hr. Thus, while stabilization of mRNA., is probably involved in the overall regulation of the level of mRNA0v by estrogen, its role appears to be secondary to that of gene transcription.
In further support of transcriptional regulation is the observation that the kinetics of induction of synthesis of mRNAv sequences in isolated nuclei by estrogen resembled the accumulation of mRNA0v in vivo (12) . Significant increases occur under both conditions after 2 hr of secondary estrogen stimulation and continue to increase for at least 8 hr.
De novo synthesis of RNA sequences corresponding to intervening and to structural sequences of the ovalbumin gene were detected in the isolated oviduct nuclei. Their presence in the nuclear transcripts and their time course of induction support the hypothesis that structural and intervening sequences are transcribed from the natural ovalbumin gene in response to steroid hormones. These results agree with our previous demonstration of high molecular-weight species of ovalbumin RNA in nuclei that contain structural and intervening RNA sequences and are thus likely precursors to mature cytoplasmic mRNAOv (12) .
Analysis of the size of in vivo nuclear RNA by denaturing gel electrophoresis revealed that withdrawal of hormone depletes the level of high-molecular-weight ovalbumin RNA and that of mature mRNAOv and that readministration of estrogen induces the accumulation of both species. These results are also consistent with transcriptional regulation of the ovalbumin gene. In addition, they rule out the possibility that the rapid accumulation of mature mRNAOv after secondary stimulation results from processing of ovalbumin RNA precursors that might have been stored in the withdrawn oviduct.
The kinetics of accumulation in vivo of nuclear species of ovalbumin RNA larger than mature mRNAO, (Fig. 3) closely mimics that observed previously for nuclear RNA transcripts corresponding to the intervening sequences of the ovalbumin gene (12) . The concentrations of high-molecular-weight ovalbumin RNA and of intervening sequence transcripts both remain low for 2 hr, increase sharply at 4 hr, reach a maximum at 8 hr, and then appear to decline. These results support the hypothesis that RNA sequences corresponding to the intervening sequences of the ovalbumin gene are present in oviduct nuclei mainly in the form of RNA molecules higher in molecular weight than mature mRNAO,.
At all times after secondary estrogen stimulation, the concentration of mature mRNAO, was greater than that of the high-molecular-weight forms of ovalbumin RNA; at short times after injection, the high-molecular-weight forms could not be detected. After short periods of restimulation, however, accumulation of small amounts of precursors that are divided among multiple species may be difficult to detect relative to that of mRNA0,, which is a discrete species. In addition, rapid processing activity that is already present in withdrawn oviduct nuclei or is very rapidly activated by estrogen may lead to the preferential accumulation of mature mRNA0v. Thus, more detailed and more sensitive studies are required to accurately assess the precursor-product relationships of the ovalbumin RNA molecules.
